Mg-doped In x Ga 1−x N alloys were grown by metal organic chemical vapor deposition on semi-insulating c-GaN/sapphire templates. Hall effect measurements showed that Mg-doped In x Ga 1−x N epilayers are p-type for x up to 0.35. Mg-acceptor levels ͑E A ͒ as a function of x, ͑x up to 0.35͒, were experimentally evaluated from the temperature dependent hole concentration. The observed E A in Mg-doped In 0.35 Ga 0.65 N alloys was about 43 meV, which is roughly four times smaller than that in Mg doped GaN. A room temperature resistivity as low as 0.4 ⍀ cm ͑with a hole concentration ϳ5 ϫ 10 18 cm −3 and hole mobility ϳ3 cm 2 / V s͒ was obtained in Mg-doped In 0.22 Ga 0.78 N. It was observed that the photoluminescence ͑PL͒ intensity associated with the Mg related emission line decreases exponentially with x. The Mg energy levels in InGaN alloys obtained from PL measurements are consistent with those obtained from Hall-effect measurements.
Achieving highly conductive p-type GaN and AlGaN is very difficult due to the high activation energies ͑E A ͒ of the Mg-acceptor, which is a universally accepted p-type dopant for GaN and related alloys. [1] [2] [3] Since E A decreases with a decrease in band gap energy, 3 Mg-doped InGaN ͑InGaN:Mg͒ is expected to have a higher hole concentration ͑p͒ than Mgdoped GaN. Additionally, p-type InGaN is synthesized at a much lower temperature compared to p-type GaN. Thus, the use of p-type InGaN instead of p-type GaN in device structures is beneficial, particularly in devices such as green laser diodes, long wavelength emitters, and solar cells, where the active region has to be grown at temperatures much lower than that of the top p-type GaN layer. Low etching damage and low contact resistance are other superior characteristics of p-type InGaN over p-type GaN.
1 Improvements in the performance of GaN based devices using p-type InGaN either as a contact layer or as the p-layer itself has already been demonstrated. [4] [5] [6] In recent years, applications of InGaN alloys have expanded into areas such as optoelectronics/ photonics, solar cells, photoelectrochemical cells for hydrogen generation, and thermoelectric materials for converting heat to electricity. [7] [8] [9] [10] [11] [12] For all these applications, high optical and electrical quality p-type InGaN is highly sought after. For hydrogen generation, p-type InGaN alloys are expected to be more stable in aqueous solutions than n-type materials.
P-type doping in relatively high In content InGaN alloys is highly challenging due to the presence of high background electron concentrations, which is believed to originate from defects such as oxygen and hydrogen impurities or nitrogen vacancies. 13, 14 Nitrogen vacancies could be the consequence of an insufficiency of nitrogen atoms which results from the low decomposition rate of ammonia, as high In-content InGaN has to be grown at temperatures lower than Ͻ800°C ͑while the growth temperature of GaN is generally Ͼ1000°C͒. Although the synthesis of p-type InGaN has been reported as early as in 1995, 15 there are only a few reports on the properties of p-type InGaN.
1, [16] [17] [18] [19] [20] However, the use of high In-content p-InGaN is inevitable in the near future as nitride based devices are rapidly expanding toward longer wavelength emitters. 7 We report on the synthesis and systematic studies on the electrical and optical properties of Mg doped p-type In x Ga 1−x N alloys, for x up to 0.35.
Mg-doped p-type In x Ga 1−x N alloys ͑0 Յ x Յ 0.35͒ were grown on semi-insulating c-GaN ͑SI-GaN͒/sapphire templates by metal organic chemical vapor deposition ͑MOCVD͒. We have chosen SI-GaN templates to minimize electrical measurement errors of top InGaN:Mg alloys. Since the p-type In x Ga 1−x N layer is relatively thin ͑ϳ200 nm͒, resistivity of the layer underneath has to be high in order to assure accuracy of the measurement results. Ammonia ͑NH 3 ͒, trimethylgallium ͑TMGa͒, trimethylindium ͑TMIn͒, and biscyclopentadienyl-magnesium ͑Cp 2 Mg͒, were used as N, Ga, In, and Mg sources. N 2 gas was used as a carrier gas. Growth temperatures were varied from 1050 to 740°C to increase x from 0 to 0.35. A variable temperature Hall-effect experiment was performed to measure the hole concentration ͑p͒, hole mobility ͑ h ͒, and resistivity ͑͒ of the samples. Photoluminescence ͑PL͒ spectra were measured using a Tisapphire laser spectroscopy system coupled with a tripler. This system gives an average output power of about 40 mW at 4.7 eV and a spectral resolution of about 0.2 meV. 21 Indium contents were determined from the peak angles of ͑002͒ -2 x-ray diffraction ͑XRD͒ curves and using Vegard law.
The room temperature electrical properties of p-type In x Ga 1−x N:Mg alloys as functions of x are plotted in Fig. 1 . It was found that p continuously increases from 2 ϫ 10 17 for x =0 ͑GaN͒ to 5 ϫ 10 18 cm −3 when x = 0.22. h was found to decrease from 15 to 1.8 cm 2 / V s as x increases from 0 to 0.35. The variation in with x shows that decreases as x increases and reaches a minimum value of 0.4 ⍀ cm at x = 0.22 ͑In 0.22 Ga 0.78 N͒. This value of is among the lowest reported for p-type InGaN. Though an even higher value has been reported for similar In-content InGaN:Mg 18 and GaN:Mg grown by molecular beam epitaxy, 22 
where E A is Mg energy level and k B is the Boltzmann constant. The plot of E A as a function of x for In x Ga 1−x N:Mg alloys is shown in Fig. 3 ͑with a peak at 3.29 eV͒ is a band-to-impurity type transition involving the conduction band ͑e − ͒ and acceptor ͑Mg o ͒ which is believed to dominate the spectra of GaN with light or moderate Mg doping. All p-type In x Ga 1−x N : Mg spectra except the GaN:Mg sample show the dominant peak with the same mechanism as that of the 3.29 eV line in GaN:Mg ᮀ namely, a band-to-impurity transition involving the conduction band ͑e − ͒ and acceptor ͑Mg o ͒. An emission line at 3.29 eV also appeared in the spectra for samples with x = 0.11 and 0.22. This emission line is related to the SI-GaN template, which was lightly doped with Mg to achieve semi-insulation. From the PL peak positions observed here and the band-gap values already reported in the literature, 11 we have estimated the acceptor level of Mg in our In x Ga 1−x N epilayers, which is plotted in Fig. 5 . As expected, Mg levels in In x Ga 1−x N alloys decrease with In-content and are consistent with those obtained from the electrical measurement results shown in Fig.  3 . The Mg impurity related PL emission intensity is found to decrease exponentially with In-content, as shown in Fig. 5 . The PL emission intensity of Mg doped In 0.22 Ga 0.78 N is almost three orders of magnitude lower than that of Mg doped GaN. The reduction in PL intensity may be related with the incorporation of impurities, which are also responsible for the high background electron concentrations in high In content InGaN alloys.
In summary, we have synthesized Mg-doped p-type In x Ga 1−x N alloys by MOCVD for x up to 0.35 and analyzed their electrical and optical properties. P-type resistivity in Mg-doped InGaN alloys was found to be lower than that of Mg-doped GaN. Resistivity as low as 0.4 ⍀ cm with a free hole concentration as high as 5 ϫ 10 18 cm −3 was measured in 
